Olfaction plays an important role in the foraging behavior of rodents, but little is known about how this sense varies among taxa that evolved in different ecological settings. Field experiments were conducted in 10-by 10-m enclosures to test for interspecific differences in foraging success for ponderosa pine (Pinus ponderosa) or sunflower seeds, based on olfaction, of 4 rodent species: 2 heteromyid rodents (Panamint kangaroo rat, Dipodomys panamintinus, and Great Basin pocket mouse, Perognathus parvus) and 2 nonheteromyid rodents (yellow pine chipmunk, Tamias amoenus, and deer mouse, Peromyscus maniculatus). All species found large, shallow caches more frequently than small, deep caches. Chipmunks had the lowest foraging success for buried sunflower seeds under dry conditions. Deer mice did as well as the heteromyid rodents on large shallow caches but found relatively few small, deep caches. The heteromyids were the only species that found small, deep sunflower seed caches under dry conditions, and Panamint kangaroo rats always found more caches than did Great Basin pocket mice. These results confirm that olfaction plays an important role in foraging of rodents for buried seeds and support the notion that the olfactory sense of rodent species has evolved greater sensitivity to seeds in different ecological contexts.
Olfaction plays an important role in seed procurement of granivorous rodents. Rodents use odors to find seeds in plant litter, vegetation, and soil after the seeds have been dispersed from plants (Howard and Cole 1967; Howard et al. 1968; Jennings 1976; Johnson and Jorgensen 1981; Reichman and Oberstein 1977) . Odors also play an important role in the pilfering of caches made by other rodents or corvids (Clarke and Kramer 1994; Daly et al. 1992; Kraus 1983; Stapanian and Smith 1978) . The strength of olfactory signals emanating from seeds has been found to vary with seed and soil moisture content (Johnson and Jorgensen 1981; Vander Wall 1993 , 1995 , * Correspondent: sv@med.unr.edu 1998 , 2000 ; rodents are more successful in finding hidden seeds under moist soil conditions. Olfaction also plays important roles in social and antipredator behaviors (Randall 1983; Soltz Herman and Valone 2000) .
Mammalogists generally accept the importance of olfaction in the foraging behavior of rodents, but the use of smell during foraging has not been widely studied. For example, we know little about variation in the olfactory sense of different rodent species. Reichman and Oberstein (1977) compared the success of 2 heteromyid rodents foraging for seed packets of different sizes at different depths using olfaction and found that Merriam kangaroo rats (Dipodomys merriami) had greater success than did Arizona pocket mice (Perognathus amplus) . Johnson and Jorgensen (1981) compared cache-recovery behavior of 8 species of desert rodents in a sand arena. They found that heteromyid rodents had greater foraging success than did nonheteromyids, but they also found considerable variation among heteromyid species. No field experiments have been conducted on interspecific differences in foraging behavior based on olfaction.
There are reasons to believe that olfactory abilities of species adapted to different environments, species active at different times of the day, or species more dependent on detecting odors while foraging should differ. First, because moisture level is known to influence animals' abilities to detect seeds, buried seeds should be harder to detect in arid environments than in mesic environments. This should place strong selective pressures on desert rodents to evolve greater olfactory abilities to perceive buried seeds than rodents living in moist settings. Second, one might expect nocturnal rodents to have a better-developed sense of smell than diurnal species. Diurnal rodents can rely on visual cues to find seeds, cues that may be absent for nocturnal foragers. Nocturnal rodents appear to combine olfaction with tactile cues to sort seeds from soil (Lawhon and Hafner 1981) . However, this prediction is complicated, at least for rodents that live in arid environments, by the fact that relative humidity usually increases at night, making olfactory signals stronger for nocturnal foragers. Third, rodents that specialize on seeds might have greater olfactory acuity for seeds than have omnivorous species. Fourth, rodents that forage for small seeds might be expected to have greater olfactory acuity than those that forage for large seeds and nuts. The olfactory signal of a seed is likely to be proportional to seed mass or surface area. Rodents, like heteromyids, that forage for small seeds of grasses and forbs (singly or in patches) would benefit more from an acute olfactory sense than would rodents, like most sciurids, that gather nuts and large seeds.
The objective of this study was to compare the ability of 4 species of rodents to find buried seeds using olfaction under standard field conditions. These species vary in their habitat requirements, diets, and degree of adaptation to arid environments. We used 2 species of heteromyid rodents, the Panamint kangaroo rat (Dipodomys panamintinus; 64 g) and the Great Basin pocket mouse (Perognathus parvus; 19 g), which occur in arid and semiarid areas of the Great Basin Desert. These rodents are nocturnal specialists on small seeds. We used 1 murid rodent, the deer mouse (Peromyscus maniculatus; 20 g), a nocturnal omnivore adapted to a variety of mesic and semiarid habitats throughout much of North America. The 4th species was the yellow pine chipmunk (Tamias amoenus; 43 g), a diurnal sciurid rodent that specializes on medium-sized seeds in semiarid pine forests of western mountains. To determine the influence of soil moisture on foraging success, we conducted experiments under dry and wet conditions.
MATERIALS AND METHODS
We conducted the study at the University of Nevada's Whittell Forest and Wildlife Area in Little Valley, Washoe County, Nevada, (39Њ15Ј10ЉN, 119Њ52Ј35ЉW; elevation 1,975 m). Vegetation in this area consists of open, semiarid Jeffrey pine (Pinus jeffreyi) forests with an understory of antelope bitterbrush (Purshia tridentata). Soils consist of decomposed granite. Further details of the habitat can be found in Vander Wall (1998).
We conducted all experimental trials inside five 10-by 10-m enclosures spaced about 500 m apart in the Jeffrey pine-antelope bitterbrush association. Enclosures consisted of wire mesh walls extending 45 cm below ground and 75 cm above ground and supported by a wooden frame. Metal flashing lined the top of the walls to prevent rodents from climbing over the walls. A plastic bucket buried in the ground and connected to the surface with polyvinyl chloride pipe served as a nest and refuge for subjects. Vegetation in the enclosures consisted of bitter-brush shrubs, Jeffrey pine saplings, and scattered grasses and forbs, with a total of about 50% ground cover.
We captured yellow pine chipmunks and deer mice, which served as subjects, in Little Valley usually within 100 m of the enclosures. Panamint kangaroo rats and Great Basin pocket mice do not occur in Little Valley; most were trapped in the Pine Nut Range (39Њ5Ј12ЉN, 119Њ39Ј0ЉW; elevation 1,920 m), about 12 km southeast of Carson City. This area consists of a semiarid piñon-juniper (Pinus monophylla and Juniperus osteosperma) woodland with an understory of basin big sagebrush (Artemisia tridentata), rubber rabbitbrush (Chrysothamnus nauseosus), antelope bitterbrush, Mormon tea (Ephedra viridis), and plateau gooseberry (Ribes velutinum). Some kangaroo rats and pocket mice came from Red Rock Road, about 15 km north of Reno, Nevada. This arid Great Basin Desert site (39Њ39Ј55ЈN, 119Њ55Ј56ЉW; elevation 1,600 m) was dominated by a variety of shrubs, including basin big sagebrush, rabbitbrush, antelope bitterbrush, desert peach (Prunus andersonii), and Mormon tea. We tested these 2 species in Little Valley even though they do not occur there so that all subjects could be tested under the same environmental conditions. Subjects were maintained under a protocol approved by the University of Nevada's Institutional Animal Care and Use Committee.
To prepare trials, we made 50 caches of radioactive ponderosa pine (Pinus ponderosa) seeds in each enclosure. These caches represented 2 treatments (depth and number of seeds) with 3 levels each for a total of 9 treatment combinations. Cache sizes were 1, 3, or 7 seeds, and cache depths were 1, 10, or 20 mm. Each treatment combination was replicated 5 times for a total of 45 caches. In addition, we placed 5 clumps of 3 seeds on the ground surface to help make rodents aware that pine seeds were available in the enclosure. We distributed caches about 1 m apart throughout the arena, with caches of the same treatment Ͼ3 m apart. Depths were measured to the top of a cache. The friable, granitic soils of the study site made our artificial caches virtually impossible to detect visually by humans. We used ponderosa pine seeds because they are similar to Jeffrey pine seeds, a common food of chipmunks and deer mice at the study site, but smaller so that subjects were less likely to become satiated during trials. Panamint kangaroo rats and Great Basin pocket mice rarely encounter ponderosa pine seeds in the wild, but we fed them these pine seeds in captivity before trials, and they are known to eat other pine seeds when available (Vander Wall 1995 , 1997 .
We used scandium-46 to label seeds (NEN Life Science Products Inc., Boston, Massachusetts). Sc-46 is a gamma-emitting radionuclide with a half-life of 84.5 days. To label seeds, we soaked them in a solution of Sc-46 in distilled water and then dried them for 2 days at room temperature. The radioactive label permitted us to monitor caches using a Geiger counter (Eberline ASP-1 counter and SPA-3 probe, ThermoEberline Inc., Santa Fe, New Mexico) without disturbing them. Each seed received about 10,000 Bq of radioactivity.
To begin a trial, we established the 50 caches and then introduced a subject into the nest chamber. Introduction usually occurred between 1000 and 1600 h. Water, but no food besides the experimental caches, was provided. We tried to deplete the crop of bitterbrush seeds present on shrubs in the enclosures by removing as many as possible, but otherwise we made no attempt to control availability of alternative foods such as arthropods and other native seeds. After 2 days, we removed the subject from the nest chamber. If the subject was not in the nest chamber (chipmunks and deer mice usually adopted our nest buckets, but the heteromyid rodents seldom did), we set 8 Sherman live traps (Sherman Traps, Inc., Tallahassee, Florida) in the enclosure. Then, we surveyed all the cache sites to determine which had been removed. If any of the seeds could not be accounted for (i.e., caches taken but seed shells not found), then we surveyed the entire enclosure to find and remove any new caches that the subject might have made. On several occasions, the subject disappeared, presumably having escaped or been eaten by a raptor. The data for these trials were discarded and the trial repeated with a new subject.
We completed 16 trials for each of the 4 species using ponderosa pine seeds (n ϭ 64 subjects). Half these trials were conducted under dry soil conditions and half under wet soil conditions. Dry conditions occur during the summer drought (July-September), when soil moisture in the top 10 cm of soil was usually below 0.5%. We took advantage of rain events to conduct wet trials, but these were infrequent. We created wet We collected seed and soil samples to document moisture levels. We made ten 5-seed caches at about 10-mm depth inside the enclosures and protected them from foraging rodents with wire mesh. At the beginning of each trial, we collected seeds from 5 of these caches and about 20 g of surrounding soil and sealed the samples in separate plastic Whirl-pak bags (Nasco Inc., Modesto, California). We collected the 5 remaining caches and soil samples at the end of the trial, 2 days later. In the laboratory, we sifted the samples (to remove soil from the seeds and large particles from the soil samples), weighed them, dried them in an oven at 100ЊC for about 48 h, and reweighed them to determine water content.
During summer 2000, we repeated a part of the study design using black oil sunflower seeds. All details of the study were the same as those described for ponderosa pine seeds, except that we conducted only 6 dry trials for each of the 4 species (n ϭ 24 subjects). We conducted these 24 trials between 10 and 26 July. We used sunflower seeds in these trials because they are novel yet acceptable food items for all 4 rodent species, reducing the effect of seed preference because of interspecific differences in familiarity with the seed that may have been present in the ponderosa pine seed trials.
We tested for differences in the foraging success of subjects in the ponderosa pine seed trials using a 4-way analysis of variance (ANOVA) with rodent species, soil moisture level, cache size, and cache depth as factors and the number of caches found as the dependent variable. We analyzed the sunflower seed trials in a similar way, but it was a 3-way ANOVA without the soil moisture level factor. To clarify how rodents might perceive caches of different sizes buried at different depths, the relationships between the number of caches found and the depth : size ratio of those caches were determined with simple linear regression.
RESULTS
The water content of seeds and soil under dry and wet conditions are summarized in Table 1 . Previous studies (Vander Wall 1998) have shown that when soil moisture is below 0.5% and seed water content is below about 5.0%, rodents have difficulty in detecting buried seeds. When soil is moistened, seed water content increases sharply, and seeds are readily detected by rodents.
Four-way ANOVA identified a significant difference in the number of ponderosa pine seed caches found among species (F ϭ 38.245, d.f. ϭ 3, 504, P Ͻ 0.0001), soil moisture conditions (F ϭ 10.670, d.f. ϭ 1, 504, P ϭ 0.001), cache sizes (F ϭ 7.210, d.f. ϭ 2, 504, P Ͻ 0.001), and cache depths (F ϭ 3.393, d.f. ϭ 2, 504, P ϭ 0.034). Among the many interaction terms, only the rodent species by soil moisture interaction was significant (F ϭ 10.169, d.f. ϭ 3, 504, P Ͻ 0.0001), indicating that rodent species responded differently to dry and wet treatments. Chipmunks, deer mice, and pocket mice had better foraging success for all cache size and depth treatment combinations under moist conditions than under dry conditions, whereas Panamint kangaroo rats always had better foraging success under dry conditions (Fig. 1) . Under moist conditions (all size-depth treatments pooled), chipmunks increased their foraging success (number of caches found) by 47.2%, pocket mice by 84.1%, and deer mice by 224.3% relative to success under dry soil conditions. In contrast, Panamint kangaroo rats had a decrease of 23.6% in foraging success under moist conditions. Heteromyid rodents found more caches than did nonheteromyid rodents (Table 2) . Correlations between mean species body mass and mean number of ponderosa pine seed caches found by each species were not significant under dry (r ϭ 0.874, d.f. ϭ 2, P Ͼ 0.10) or wet (r ϭ 0.553, d.f. ϭ 2, P Ͼ 0.20) soil conditions.
There was a negative relationship between the number of caches found and the depth : size ratio of caches for each rodent species under both soil moisture conditions (Fig. 2) . This indicates that as caches become smaller and deeper, they are more difficult for rodents to detect. These relationships were significant for all species under wet conditions (deer mouse: r ϭ 0.895, P Ͻ 0.001; Panamint kangaroo rat: r ϭ 0.744, P Ͻ 0.05; Great Basin pocket mouse: r ϭ 0.842, P Ͻ 0.01; yellow pine chipmunk: r ϭ 0.661, P Ͻ 0.05; Fig. 2B ) but only for Panamint kangaroo rats under dry conditions (r ϭ 0.651, P Ͻ 0.05; Fig. 2A ). Kangaroo rats had the highest foraging success under both dry and wet conditions. The number of caches found by chipmunks and deer mice over all trials did not differ significantly (P ϭ 0.452; Fisher's least significant difference). All other species comparisons were significant (all P Ͻ 0.05). As a group, rodents found significantly more 3-seed caches than 1-seed caches (P ϭ 0.030) and significantly more 7-seed caches than 1-seed caches (P Ͻ 0.001), but the number of 3-seed and 7-seed caches found did not differ significantly (P ϭ 0.107). Further, rodents found significantly more caches buried 1 mm deep than 20 mm deep (P ϭ 0.016) and significantly more caches 10 mm deep than 20 mm deep (P ϭ 0.041), but the difference between the number of caches found at 1 and 10 mm was not significant (P ϭ 0.710).
For the sunflower seed trials conducted under dry conditions, 3-way ANOVA identified significant differences in the number of caches found among species (F ϭ 29.228, d.f. ϭ 3, 180, P Ͻ 0.001), cache sizes (F ϭ 10.449, d.f. ϭ 2, 180, P Ͻ 0.001), and cache depths (F ϭ 6.630, d.f. ϭ 2, 180, P ϭ 0.002). The interaction between rodent species and cache depth was also significant (F ϭ 2.882, d.f. ϭ 6, 180, P ϭ 0.01), suggesting differences in the ability of rodent species to detect sunflower seeds at different depths. Chipmunks found very few (n ϭ 3) sunflower seed caches compared with the other species, and those caches that chipmunks found were relatively large and shallow (Fig. 3) . Deer mice were just as effective at finding large, shallow caches as were the heteromyid rodents, but they were much less successful at finding deeper (Ն10 mm) or smaller caches. Only the heteromyid rodents could find single sunflower seeds buried Ն10 mm deep. For any cache size-depth combination, Panamint kangaroo rats always found more caches than did Great Basin pocket mice. The correlation between mean species body mass and mean number of sunflower seed caches found by each species was not significant (r ϭ 0.522, d.f. ϭ 2, P Ͼ 0.40).
DISCUSSION
As observed in earlier laboratory and field experiments (Johnson and Jorgensen 1981; Vander Wall 1993 , 1995 , 1998 , 2000 , moist soil increased the ability of rodents (except Panamint kangaroo rats) to find buried seeds. This is apparently because of the increased leakage of organic molecules from seeds as they imbibe water in moist soil (Duke et al. 1983; Mills 1983; Simon and Raja Harun 1972) and because of the increased vapor density of organic molecules in moist soil (Spencer et al. 1969; Taylor and Spencer 1990) . Most polar organic molecules have very low volatility in dry soil. As water content of soil increases above a certain level, the volatility of organic molecules also increases (Vander Wall, in press).
Diel changes in atmospheric relative humidity, apart from soil moisture content, are also likely to influence vapor densities of odorants at the soil surface (Taylor and Spencer 1990) . Consequently, nocturnal rodents, which forage when it is cooler and relative humidity is higher, are expected to have greater foraging success for buried seeds under dry conditions than are diurnal rodents. The relatively poor foraging success of the diurnal chipmunks (compared with the nocturnal mice and kangaroo rats) for sunflower seeds under dry conditions (Fig. 3) supports this prediction. Chipmunks fared somewhat better when foraging for ponderosa pine seeds in dry soil (Fig. 2) . It is important to note that these results do not necessarily mean that chipmunks have lesser olfactory acuity than nocturnal rodents but only that they forage under less favorable conditions for detecting odorants. However, the greater foraging success of Panamint kangaroo rats under dry conditions ( Fig. 2A ) compared with chipmunks under wet conditions (Fig. 2B) suggests that Panamint kangaroo rats do have a more acute olfactory sense than yellow pine chipmunks. Diurnal rodents may be able to increase their foraging success by foraging early in the morning, before the atmosphere warms and relative humidity falls.
Not surprisingly, all rodents found more large, shallow caches than small deep caches. Large, shallow caches probably emit a stronger olfactory signal at the ground surface than do smaller, deeper caches (Reichman 1981). However, the results indicate that there is not much difference in rodents' ability to find 3-seed versus 7-seed caches. The results also suggest that burial of seeds down to 10 mm only slightly diminishes rodents' ability to detect them, compared with seeds buried at 1 mm. The deer mouse was an exception to this pattern, exhibiting a rapid decline in foraging success for seeds buried Ͼ1 mm deep under both wet (Fig.  2B) and dry (Fig. 3) conditions. The steeply negative slope of the regression line for deer mice in Fig. 2B suggests that they have more difficulty than other species in finding caches that are buried relatively deep. The deer mouse olfactory system appears to be geared to finding seeds scattered in plant litter or buried in the upper layers of soil. The relatively poor ability of deer mice to find deep caches strongly influences how they interact with other rodent species over cached food. Deer mice may be relatively poor pilferers of caches of other rodent species that bury seeds more deeply (J. L. Hollander and S. B. Vander Wall, in litt.), although their own relatively shallow caches (2-12 mm deep-Vander Wall et al. 2001) may be vulnerable to pilferage by those same species. This type of asymmetrical interaction among species potentially alters competitive relationships and has important consequences for the structure of rodent communities (Leaver and Daly 2001) .
Heteromyid rodents in this experiment had higher foraging success than did nonheteromyid rodents for most cache sizedepth combinations (Table 2 ; Figs. 2 and 3) . A similar result was obtained when the foraging success of Great Basin pocket mice was compared with that of deer mice and yellow pine chipmunks in a laboratory experiment (Vander Wall 1995) . This suggests that heteromyids have a more acute olfactory sense than nonheteromyids. These results support the prediction that rodents adapted to arid environments should have greater olfactory acuity than rodents adapted to mesic or semiarid environments.
Panamint kangaroo rats under dry conditions found more caches than did Great Basin pocket mice for all cache size-depth treatments for both ponderosa pine seeds ( Fig. 1 ) and sunflower seeds (Fig. 3) . We offer 2 alternative explanations for this result. First, Panamint kangaroo rats have greater olfactory acuity than Great Basin pocket mice. Second, the olfactory acuity of these 2 species is not different, but the kangaroo rats forage more because of their larger body size and greater metabolic requirements. The latter explanation seems unlikely for several reasons. First, we found no significant relationship between mean body mass of subjects and the mean number of caches they discovered, suggesting that metabolic requirements did not influence foraging success. The foraging behavior of food-caching rodents is not easily satiated (Vander Wall 1990) . Because they cache many of the seeds that they find, the amount of time spent searching for caches is not expected to be constrained by body size or metabolic requirements. Second, Reichman and Oberstein (1977) found that Merriam kangaroo rats found more buried seed packets than did Arizona pocket mice at all cache depths in dry sand. They did not allow the rodents to eat the seeds that they detected (seeds were enclosed in wire mesh packets), so satiation and energetic requirements are unlikely to have caused the differential foraging success they observed. Finally, Reichman and Oberstein's (1977) observation of the searching behavior of both species revealed that kangaroo rats detected cache sites from a short distance, proceeded directly to them, and dug accurately to the seeds, whereas pocket mice seemed less focused and dug less accurately. Reichman and Oberstein (1977) also discussed the potential implications of this difference in foraging ability for coexistence of heteromyid species.
The reduced foraging success of Panamint kangaroo rats under moist conditions compared with dry conditions (Fig. 3) was surprising. We expected an increase in foraging success for all species under moist conditions because of increased volatility of odorants when soil is wetted. We do not believe that these results necessarily demonstrate that kangaroo rats detect odors better under dry conditions. The increased volatility of organic molecules under wet conditions is a physio-chemical process that operates independent of the olfactory sense. We have no clear explanation for the increased foraging success of kangaroo rats under dry conditions, but offer 3 possible alternatives. First, it is possible that moist soil and vegetation may deter kangaroo rats from foraging. If these desert-adapted rodents are ''annoyed'' by wet substrates, they may have foraged only enough to meet immediate metabolic needs under wet conditions. We are not aware of any evidence for or against this hypothesis. Second, when conditions are moist, these kangaroo rats may smell other seeds in the soil, which distract them from foraging for the experimental caches of ponderosa pine seeds. Third, the sensitivity of the kangaroo rat olfactory system may be such that moist conditions create such an abundance of olfactory stimuli that they become ''confused'' and have difficulty in discerning the olfactory signal from the olfactory background. We know of no evidence to support this hypothesis.
The olfactory capabilities of rodents play an important role in behavior, including social interactions (Randall 1983) , predator avoidance (Soltz Herman and Valone 2000) , and foraging. The ability of rodent species to find buried food using olfaction appears to vary depending on ecological context. However, it is difficult to attribute all this variation in foraging success directly to the acuity of rodents' olfactory sense. A number of confounding variables makes conclusive determinations difficult. For example, environmental factors that we could not control (i.e., relative humidity) or do not know about could have influenced rodent foraging success. These factors could have caused variation in the olfactory signal that could have influenced foraging success independent of olfactory acuity. Rodents could also have subtle or pronounced differences in their preference for the seeds used in this experiment. This might have altered the motivation of rodents to search for the experimental seeds or to look for alternative foods. In this experiment, we tested all 4 species in the same environment to eliminate the effect of environment on the results. However, this caused us to test the 2 heteromyid rodents in an environment that was foreign to them. This does not seem to have placed the heteromyid rodents at a disadvantage; they found more seed caches than did the nonheteromyid rodents ( Table 2 ). The lower foraging success of the nonheteromyid species, compared with the heteromyids, might be caused by their knowledge and use of alternative foods in a familiar environment. Despite these uncertainties, our results support our predictions that rodents adapted to arid environments would have greater foraging success under dry conditions than those adapted to more mesic conditions, that nocturnal rodents would have generally greater foraging success than diurnal rodents, and that rodents that specialize on seeds should have greater foraging success than those that are more omnivorous. Interspecific variation in olfactory acuity is the most parsimonious explanation for the observed differences in foraging success.
